Cooling towers are associated with transmission of the bacterium Legionella, the agent of Legionnaires' Disease and Pontiac Fever. This study analyzed the numbers of Legionella pneumophila collected from 1,336 commercial and industrial cooling towers over a 4-year period. These cooling towers were routinely treated with biocides to reduce the growth of Legionella. Comparisons of Legionella numbers showed that 46% of the cooling towers contained no detectable L. pneumophila, 59% had counts of 10/ml or less, 90% had counts at or below 200/ml, and only 3% contained over 1,000/ml. Cooling tower samples containing Legionella occurred every month of the year with higher numbers during the summer months when more cooling towers were operating.
Introduction
Environmental health and safety departments, specifically biosafety officers, may be asked to participate in discussions pertaining to risk analysis of warm water mechanical systems that generate aerosols. The current study came about in response to queries posed by facility managers responsible for maintaining cooling towers. The American Society of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE) is currently working on a revision of its Legionella Standard for risk management practices to reduce the potential spread of Legionella bacteria, the cause of legionellosis or Legionnaires' Disease (LD). The new standard will require the active participation of building owners and managers.
Legionella bacteria are naturally found at the air-water interface in surface water, ground water, and aerated biofilms. Low numbers of Legionella enter buildings and mechanical equipment from water supplies and then may multiply to high numbers. Legionella grow and survive over a temperature range from 5.7ºC to 63ºC (Fliermans et al., 1981) , but cell multiplication decreases markedly at temperatures above 44ºC to 45ºC (Kusnetsov et al., 1996) .
Legionella infect people when they inhale Legionellacontaining aerosols from sources such as cooling towers, evaporative condensers, air washers, humidifiers, misters, hot water heaters, spas, fountains, car wash facilities, and plumbing fixtures (Surman- . Inhaled Le-gionella cause either a self-limiting illness called Pontiac Fever or a severe pneumonia called legionellosis.
Legionellosis incidence rates increased nearly threefold between 2000 and 2009. The most recently completed U.S. population-based pneumonia etiology study estimated that 8,000 to 18,000 persons are hospitalized each year with legionellosis (Lauri et al., 2011) . Legionella can multiply to 300,000/ml of cooling tower water (Friedman et al., 1987) and present a potential hazard to people exposed to cooling tower mist. The 1976 Philadelphia pneumonia outbreak associated with a downtown hotel prompted an intensive search for the cause of the outbreak, resulting in the discovery of a new bacterial genus, Legionella, and the implication of the roof-top cooling tower. Subsequent research has shown a correlation between cooling tower drift and legionellosis transmission (Lane et al., 2010) . This analysis explores whether Legionella monitoring of cooling towers can provide useful information to tower operators and whether testing provides a practical way to determine if preventative measures are working.
Overgrowth of agar culture media or inhibition of Legionella growth by other microbial flora has been described when culturing water samples from warm water-containing mechanical equipment exposed to the environment such as fountains, cooling towers, and saunas. Legionella culture on buffered charcoal yeast extract agar (BCYE) with or without supplements, antimicrobial agents, or water sample heat or acid treatment may lack the sensitivity of the direct fluorescent antibody (DFA) method for this type of sample (Fields et al., 2002; Hornei et al., 2007; Parthuisot et al., 2011) .
This investigation employed the DFA method to enumerate the numbers of Legionella in 1,336 water samples over a 4-year period from commercial and industrial cooling towers receiving routine biocide treatment.
Materials and Methods

Sampling Locations
Samples came from cooling towers located in 25 states and operated by 209 companies. Some companies had towers located at several geographical sites around the country and others had only one site. Thirty-seven of the towers were sampled from 6 to 34 times over the 4-year period of this investigation. These towers were usually sampled each month, so that repeat samples were available from most participating sites. Seventy-five percent of cooling tower samples were from Pennsylvania, New York, Maryland, and the District of Columbia. Remaining samples were from 22 other states with the majority from Florida, California, Washington, and Texas.
Sampling Procedure
Tags provided with each 120 ml bottle identified cooling tower samples by company, city, tower site, and sample day. Samples were taken from tower sumps, if accessible, or from a hose bib connected to the tower sump recirculating water line. Sample bottles were completely filled with water and shipped at ambient temperature to the laboratory within 2 days.
Sampling Processing
A direct fluorescent antibody (DFA) method using monoclonal antibody specific to the outer cell wall of L. pneumophila (Genetic Systems Inc., Seattle, WA) was used to quantitate the number of L. pneumophila in cooling tower water samples (Gilpin et al., 1985) . This was a modification of a procedure designed for clinical specimens (Cherry et al., 1978) . Culture on BCYE was not used for this investigation. Previous studies by this laboratory and others reported that viable Legionella were often not recoverable from environmental water sources (Gilpin et al., 1985; Hussong et al., 1987; Negron-Alvira et al., 1988; Steinert et al., 1997) .
Tower sample bottles were shaken vigorously to evenly distribute the sample. Each sample was concentrated 100fold by filtration through a 0.4 mm pore size, 47 mm diameter polycarbonate membrane filter (Nuclepore Corporation, Pleasanton, CA). Vigorous mechanical agitation for 1 minute (Vortex Genie, Scientific Industries, Inc., Bohemia, NY) was used to suspend the filter retentate into 1 ml of original cooling tower sample water. Ten microliter samples were placed on duplicate, 6 mm diameter areas on Teflon ® masked microscope slides (Thermo Fisher Scientific Cel-Line, Waltham, MA), air dried, heat fixed, and stained with a direct fluorescent monoclonal antibody reagent (Genetic Systems Inc., Seattle, WA) specific for an outer cell wall membrane protein on Legionella pneumophila.
All fields within each 6 mm diameter well were counted at 1,000x magnification with an epifluorescent microscope (Ortholux 2, E. Leitz, Inc., New York, NY), equipped for observation of fluorescein isothiocyanate stained samples. Positive and negative L. pneumophila controls were stained similarly. Cross-reactivity of the Legionella monoclonal antibody reagent with Flavobacterium spp., Pseudomonas spp., and yeast added to cooling tower samples was not observed (data not shown). Although the original polyclonal reagents supplied by the Centers for Disease Control and Prevention (CDC) occasionally cross-reacted with other bacteria, the introduction of monoclonal antibody reagents eliminated most cross-reactivity, as noted by others (Parthuisot et al., 2011) .
Observed numbers of morphologically intact Legionella were counted and calculated to yield the number of Legionella per milliliter of original tower sample. The mini-mum detectable number was 10 fluorescent bacteria per milliliter, based on 40 control tests with filter-sterilized cooling tower water spiked with various numbers of suspended L. pneumophila cultures. Test sensitivity was greater with cooling tower samples containing little or no debris; however, <10/ml was retained as the conservative sensitivity of the test procedure. DFA data from sequential weekly sampling of individual cooling towers for several months showed rising numbers of Legionella until the towers were disinfected with bulk doses of biocide without draining and refilling the towers with fresh water. After this procedure, Legionella were not detectable. The numbers of Legionella after this procedure would remain high if the DFA counts of morphologically intact Legionella in water samples were not useful to distinguish between potentially viable and nonintact organisms.
Data Analysis
Data were analyzed using SPSS/PC + V2.0 (SPSS, Inc., Chicago, IL). Data quality assurance was conducted and the dataset was inspected for outlying values. Count frequencies, cumulative frequencies, cumulative percentages, and measures of central tendency were produced for 1,336 samples using the Frequencies subprogram. Distributions of counts were collapsed into seven groups and crosstabulated by first-time samples versus subsequent samples.
Results
Overall Count Frequencies
One thousand, three hundred and thirty six (1,336) samples from 472 towers owned by 209 companies had Legionella counts ranging from <10/ml up to 100,000 L. pneumophila per milliliter. The maximum range of Legionella numbers from a specific cooling tower was from <10/ml to 100,000/ml. Fifty-nine percent of the samples had counts of 10/ml or less. Ninety percent of the samples had counts at or below 200/ml. About 3% of the tower water samples contained over 1,000/ml, and 46% had no detectable L. pneumophila (Table 1) . Distribution of observations over seven count/ml categories showed significantly higher counts (p=0.001) for first-time versus subsequent samples ( Table 2 ). This distributional difference was driven by the fall-off in counts in those categories where the towers would have been treated after the first-time test.
Seasonal Variations in Counts
Seasonal variations in counts were explored by use of the Crosstabs subprogram. Counts were collapsed into three groups (<10/ml, 10-199/ml, and 200-100,000/ml) and cross-tabulated by month of the year. Seasonal distributions of first-time sample counts were collapsed into seven groups and cross-tabulated between fall, winter, spring, and summer months.
Counts exceeding 200/ml occurred during every month of the year (Table 3) with greater numbers from May through October. More total samples were tested during warm months because some towers were operated only during this period. The percent of <10/ml numbers for all months was 46%, 44% for 10 to 199 counts, and 10% for 200 and greater counts. The distribution of the three count ranges by month of the year was significantly different, where it was observed that the percentages of higher counts tended to occur more frequently in the warmest months, and conversely, lower counts tended to occur more frequently in the coldest months (p=0.05) (Table 3) .
When first-time sample observations in seven count/ml categories were condensed by season, however, no statistical significance (p=0.69) was evident between the winter (December, January, February), spring (March, April, May), summer (June, July, August), and fall (September, October, November) months. Legionella counts greater than 200/ml Ȥ 2 6 df = 24.2, p = 0.001 were found throughout the year, but lower frequencies were observed during winter months (Table 4) . Thus, interpretation is sensitive to the method used to categorize the data. Seasons may be a less useful surrogate for environmental temperature than month of the year, and additionally, small percentages in the table cells resulted from the number of count categories. This treatment obscures the relationship between temperature and counts seen in Table 3 .
Routine Biocide Treatments
Histories of routine biocide treatment were obtained for all but 4 of the 37 most frequently sampled cooling towers. Of the 33 sites monitored on a regular basis, usually every month, for which biocide information was available, 13 sites were treated weekly and 20 sites were treated biweekly. The most commonly used biocide combination was poly(oxyethylene) (dimethylimino) ethylene (dime- 
Cooling Tower Decontaminations
Specific cases of tower decontamination were evaluated by the case study method because limited information about cooling tower decontamination procedures was available. Action by cooling tower owners in response to trends of increasing numbers of Legionella counts ranged from the addition of more biocide to full-scale decontamination. Some contractors decontaminated cooling towers receiving routine biocide treatment when Legionella counts reached 200/ml. In two instances, cases of legionellosis were suspected to be associated with the towers. The hypochlorite decontamination protocol used by these contractors was similar to the State of Wisconsin Department of Health and Social Services protocol that recommended the addition of hypochlorite before dispersant (Wisconsin, 1987) .
Several cooling towers were decontaminated during the period of this investigation: • Case One-A tower with 2,000 Legionella/ml was decontaminated in October. Two months later, the number was 60/ml and remained low for the 6 months until the end of this investigation.
• Case Two-A cooling tower with 52,000 Legionella/ ml was decontaminated in June. Legionella numbers after decontamination were undetectable, slowly increased to 60/ ml 2 months later, and remained at that number until the cooling tower was shut down and drained in October.
• Case Three-Decontamination was performed when Legionella numbers reached 20,000/ml in June. Numbers after decontamination remained around 1,000/ml for the remainder of June (two additional samplings) and then dropped to the 20/ml to 40/ml range until the tower was drained in the fall.
• Others-Seven towers had undetectable Legionella numbers 1 month following decontamination and increased to greater than 200/ml 2 months after decontamination.
Conclusions
No specific infectious density is known for Legionella and no correlation exists between culture or DFA results and risk of legionellosis from cooling towers. Australia has a requirement for immediate cooling tower decontamination when Legionella numbers reach a certain level, but towers directly linked to legionellosis cases had Legionella numbers below the protocol action level (Brown et al., 2001) .
Legionella monitoring of cooling towers can provide useful information to tower operators. We observed that 90% of the tower samples had 200 or fewer Legionella/ml, but dramatic increases in counts within periods as short as 1 month did occur, possibly because more Legionella were introduced in the cooling tower makeup water. The results suggest higher numbers of Legionella during warm months of the year, but this result was sensitive to the method of inspecting the data as evidenced by the observation that samples from cooling towers tested for the first time did not show significant differences among the four seasons of the year.
Routine biocide treatments did not prevent growth of Legionella in cooling towers as shown by the results of this investigation. Field studies of biocide efficacy are difficult because environmental conditions at a particular cooling tower are constantly changing. When a biocide program is changed, a long lag time may occur before the effects on Legionella numbers are observed. Field studies have proposed useful biocide strategies that could be tested by others (Kima et al., 2002; Rangel, 2010) .
Cooling tower decontamination was not found to prevent future Legionella colonization, but the hypothesis that testing cooling tower water for Legionella to determine whether preventative measures are working appears to be valid. More research is needed to substantiate the usefulness of routine monitoring of cooling towers.
